Background and objectives Insulin resistance has been associated with cardiovascular disease in peritoneal dialysis patients. Few studies have addressed the impact of fast transport status or dialysis prescription on insulin resistance. The aim of this study was to test whether insulin resistance is associated with obesity parameters, peritoneal transport rate, and glucose absorption.
Introduction
Insulin resistance is already present in early stages of CKD (1) , with likely contributions from uremic toxins, inflammation, malnutrition, metabolic acidosis, and vitamin D deficiency leading to acquired defects in the insulin receptor signaling pathway (2) . After induction, peritoneal dialysis (PD) has been shown to initially improve insulin resistance in uremic patients, similar to hemodialysis (HD) (3) . However, it is feared that with time the cumulative exposure to glucose solutions used in PD might lead to systemic hyperglycemia, obesity, and aggravate insulin resistance, which could contribute to increased cardiovascular risk (4) . The incidence of overweight and obese patients is widely prevalent in contemporary PD populations (5, 6) , although there is much controversy about the major role of peritoneal glucose absorption on body fat accumulation over time (7, 8) . A single study has evidenced that insulin resistance evaluated by homeostasis model assessment (HOMA-IR) is a predictor of cardiovascular disease in PD patients (9) ; however, the specific role of peritoneal glucose absorption, small-solute transport, or obesity were not addressed.
Hung et al. (10) have shown that leptin/adiponectin ratio (LAR) and homeostasis model assessment corrected for adiponectin (HOMA-AD) were the better correlates of glucose-disposal rate measured by hyperinsulinemic euglycemic glucose clamp in chronic HD patients. LAR has been recently proposed as a new atherogenic index, since it has been associated with cardiovascular events in PD (6) . However, no study has explored the association between these newly adipokine-based insulin resistance indices and the HOMA-IR in PD patients.
Therefore, we aimed to test whether insulin resistance is associated with obesity parameters, peritoneal transport rate, and glucose absorption, by using three insulin resistance indices (HOMA-IR, HOMA-AD, and LAR) and bioimpedance analysis in stable PD patients. We further evaluated insulin-like growth factor-binding protein 1 (IGFBP-1) as a marker of hepatic insulin sensitivity, and explored its association with obesity. Additionally, we evaluated the determinants of insulin resistance measured by HOMA-IR in a group of patients undergoing PD for .1 year.
Materials and Methods

Patients
This cross-sectional study enrolled all the 51 prevalent nondiabetic PD patients currently attending Santo António Hospital Peritoneal Dialysis Unit, who were free of hospitalization or infectious events in the previous 3 months. All patients were treated with low-glucose degradation product solutions; 3.86% glucose exchanges were not routinely used. Icodextrin was used in 21 patients (41.2%). None of the patients were currently taking corticosteroids. All patients provided informed consent and the study was approved by the Centro Hospitalar do Porto Ethics Committee [approval #061/12(039-DEFI/059-CES)].
Laboratory Measurements
Venous blood samples were obtained after an 8-10-hour overnight fasting period, on the morning of the peritoneal equilibration test (PET). The preceding overnight dwell was standardized to 1.36% glucose solution. Blood samples were drawn after the last dwell drainage and before starting the PET. Serum was allowed to clot at room temperature for no longer than 60 minutes and was then separated from cells by centrifugation and divided in two aliquots, one for immediate assay, the other for storage at -70°C until analysis for adiponectin, leptin, and IGFBP-1.
Creatinine was measured by the compensated Jaffe method. The dialysate creatinine concentration was corrected for interference by glucose according to our laboratory standards. Serum albumin was measured by bromocresol green dye (Cobas Integra 800, Roche Diagnostics GmbH). Insulin was measured by a sandwich assay on an electrochemiluminescence immunoassay analyzer (Cobas E 170, Roche Diagnostics GmbH). Glucose and C-reactive protein was measured using the Roche methods in a Roche autoanalyzer (COBAS Integra 800, Roche Diagnostics GmbH). Serum leptin, adiponectin, and IGFBP-1, were measured using ELISA (Mediagnost, Reutlingen, Germany).
Derived Insulin Resistance Indices
Insulin resistance was assessed using HOMA-IR, HOMA-AD, and LAR, according to the following equations (10):
HOMA-IR ¼fasting serum insulinðmU=mlÞ 3 fasting serum glucoseðmg=dlÞ=405
HOMA-AD ¼ fasting serum insulinðmU=mlÞ 3 fasting serum glucoseðmg=dlÞ=adiponectinðmg=mlÞ LAR ¼ leptinðng=mlÞ=adiponectinðmg=mlÞ:
Patients with HOMA-IR $2.2 were considered to have insulin resistance, as this value corresponds to the HOMA-IR 50th percentile in the larger validation study about HOMA-IR against the euglycemic, hyperinsulinemic clamp in nondiabetic patients (11) .
Dialysis Adequacy, Urea Kinetics, Peritoneal Glucose Absorption, and Estimation of Dietary Protein Intake Adequacy of dialysis was calculated from 24-hour urine and dialysate collection. Weekly Kt/V was determined using standard methods (12) . Residual renal function was calculated as the average of 24-hour urinary urea and creatinine, as described elsewhere (13) . Small-solute peritoneal membrane transport was calculated from a 4-hour, 3.86% glucose PET according to the two-in-one protocol (14) . Glucose drained over 24 hours was measured. Peritoneal glucose absorption was calculated by subtracting the 24-hour drained glucose from the total glucose influx by the dialysate. Dietary protein intake was estimated from protein catabolic rate normalized to actual body weight (nPCR) using the PD Adequest software (Baxter Healthcare Corporation, Deerfield, IL).
Body Composition Assessment
We performed multifrequency whole body bioimpedance assessment using the Body Composition Monitor (Fresenius Medical Care, Bad Homburg, Germany). The bioimpedance method applied was validated by isotope dilution methods (15) , by accepted reference body composition methods (16, 17) , and by extensive clinical assessment of the hydration state (18) . Body composition assessments were done with full abdomen during the PET procedure, taking into account the fact that the patient was weighed after draining out peritoneal effluent and thereafter 2 liters of peritoneal solution were instilled.
We measured lean tissue index (LTI), fat tissue index (FTI), relative fat mass (rel.FM), body cell mass (BCM), and relative overhydration (rel.OH). Only measurements simultaneously achieving high quality (.90%) and low error percentage (,35%), showing an inverted U curve in the device monitor, were validated.
Due to biophysic reasons, the bioimpedance spectroscopy does not measure sequestered fluid in the trunk (19) , and therefore the presence or absence of PD fluid in the abdomen does not influence body composition parameters related to nutritional status (20) . Women with rel.FM .30% and men with rel.FM .25% were considered obese (21) .
The values for LTI were compared with an age-and gender-matched reference population and, according to this, patients with LTI ,10th percentile were considered to have protein wasting (22) . Patients that simultaneously presented with rel.FM,10% and LTI ,reference range were characterized as having protein-energy wasting (23) .
Statistical Analyses
The data are presented as means6SD or as median with the interquartile range. Pearson and Spearman correlation analyses were used, as appropriate, to assess a linear correlation between insulin resistance indices and several metabolic, inflammatory, and body composition parameters, peritoneal glucose absorption, and small-solute transport status.
Continuous variables were compared between groups using t-test or Mann-Whitney U test, as appropriate. The chi-squared test was used for categorical variables. Comparison between obese and nonobese patients was performed according to body mass index (BMI) and according to rel.FM by bioimpedance analysis. We also performed comparisons concerning fast transport status and insulin resistance state.
Independent correlates of HOMA-IR were assessed by multivariate analysis, considering the significant associated variables recognized by bivariate analysis, and adjusted for peritoneal glucose absorption, small-solute transport, and time on PD. LAR, C-reactive protein, and leptin were natural log-transformed due to the skewed distribution. Values of P,0.05 were considered statistically significant. Statistical analyses were performed using SPSS software application (version 21; SPSS, Chicago, Illinois). Table 1 lists features of the study population. Mean dialysate to plasma ratio (D/P) creatinine was 0.860.1; 13.7% were fast transporters. Mean fasting glucose and insulin were within normal ranges. Insulin resistance was detected in 18 patients (35.3%) according to HOMA-IR. Using BMI, 20 patients (39%) were considered overweight or obese. According to rel.FM, 25 patients (49%) were obese. The nutritional spectrum included nine obese patients with sarcopenia (LTI ,reference range) and two with proteinenergy wasting (rel.FM,10% and LTI ,reference range).
Results
General Features of the Study Population
The prevalence of obesity (according to rel.FM) was significantly higher in patients on PD for .1 year (61%), than in patients on PD for ,1 year (20%) (odds ratio [OR] =6.29; 95% CI, 1.50 to 26.31; P=0.01).
Correlations between Insulin Resistance Indices, SmallSolute Transport, Glucose Absorption, and Body Composition Parameters HOMA-IR correlated better with FTI than with BMI both in the general population and in the obese group (Table 2) . HOMA-IR correlated strongly with HOMA-AD. Notably, significant correlations were found between HOMA-IR and leptin, and LAR and IGFBP-1 in the obese group, but not in the nonobese group ( Table 2) . Instead of the above positive correlation in the obese group, LAR,1 was documented in the two patients with protein-energy wasting, with high HOMA-IR.
There were no correlations between insulin resistance indices and renal function, Kt/V urea, peritoneal transport, or glucose absorption (Table 2) . A significant correlation of HOMA-IR with lean mass was not found.
Metabolic and Inflammatory Parameters according to BMI and rel.FM
According to BMI, there were no differences in fasting insulin, HOMA-IR, or HOMA-AD between normal weight and obese patients. However, according to rel.FM, HOMA-IR, HOMA-AD, and fasting insulin were significantly higher in obese patients and the difference in LAR was more pronounced (Table 3) . Similarly, C-reactive protein did not differ significantly between patients categorized according to BMI, but was significantly higher in obese patients characterized by rel.FM (3.6 [7.4] . Body composition parameters related to fat mass were significantly higher in insulin resistant patients, while parameters related to lean mass were similar between the groups (Table 4) .
The prevalence of obesity according to rel.FM was significantly higher in the insulin-resistant group than in patients with HOMA,2.2 (84.6% versus 47.8%, P=0.04). The prevalence of protein wasting according to bioimpedance was similar between the two groups (Table 4) . Mean daily peritoneal glucose absorption was not significantly different between the two groups ( Table 4) .
Determinants of HOMA-IR in PD
In a multivariate linear regression model adjusted for peritoneal glucose absorption, small-solute transport, Creactive protein, and time on PD, only FTI and LAR were independently correlated with HOMA-IR (r=0.82, P,0.001). HOMA-IR was 0.16 units higher per kg/m 2 of FTI (95% CI, 0.05 to 0.26, P=0.01) and 0.10 units higher per unit of LAR (95% CI, 0.01 to 0.2, P=0.03).
Discussion
To the best of our knowledge this is the first study that explores the relationships between HOMA-IR and new adipokines-based insulin resistance indices with peritoneal glucose absorption, small-solute transport, and body composition assessed by bioimpedance in PD patients. It also sheds light on the factors that predict insulin resistance in PD patients, showing the role of obesity and adipokines in this population. PD is associated with an increased risk of cardiovascular mortality after the first year (24) . Though speculative, it is feared that glucose absorption could explain this outcome by promoting body fat gain and insulin resistance (2,4). Only two studies have specifically addressed the relationship of HOMA-IR with outcomes in PD (9,25). These studies presented contradictory results and did not address the role of glucose absorption and fast transport status on insulin resistance, a major limitation. In our study, peritoneal glucose absorption was not correlated with any insulin resistance indices, nor with fat mass, and did not differ in insulin-resistant patients versus the lower HOMA-IR group. Our results also reproduce our previous observation that BMI underestimates obesity prevalence in PD (6) , and that obesity increases in patients on PD for .1 year (61%). This supports other studies reporting increased fat mass with time on PD (8, (26) (27) (28) . However, none of the body fat mass composition parameters showed correlation with glucose absorption or fast transport status. In line with our finding, others documented a lack of association between peritoneal glucose exposure and body fat gain in patients on PD (7, 29) . We also demonstrate that significant differences in HOMA-IR, HOMA-AD, and LAR were only evident when patients were compared according to rel.FM and not according BMI. Again, these results underline the impact of obesity on insulin resistance development in PD patients, as HOMA-IR, HOMA-AD, and LAR were significantly higher in obese patients compared to the results in nonobese patients, when categorized according to rel.FM.
A clinically relevant conclusion is that the relationship between insulin resistance and the adipokines ratio (LAR) is regulated by body composition parameters. We have previously reported that rel.FM and LTI predicted LAR independently of peritoneal glucose absorption (6) . The results of the present study corroborate this, underlining that insulin resistance is aggravated in both extremes of the nutritional spectrum: obese patients exhibited higher LAR values, strongly positively correlated with HOMA-IR, but the two patients with protein-energy wasting also evidenced insulin resistance while LAR was ,1. We measured IGFBP-1, which has recently been validated as a surrogate marker of visceral fat, and is strongly inversely related to liver fat content measured by the gold standard method, proton magnetic resonance spectroscopy (30) . We report a significant negative correlation between HOMA-IR and IGFBP-1 in our population, especially in obese patients (r=-0.56, P=0.01), in line with IGFBP-1 being a marker of hepatic insulin sensitivity.
Concerning fast transport status, it is feared that higher glucose absorption could induce metabolic alterations and cardiovascular events (2) . In a previous study of PD patients followed up on for 47 months, no difference was found concerning small-solute transport rate between patients with and without cardiovascular events (6) . In the present study, we also did not find any significant difference concerning LAR, IGFPB-1, glucose absorption, or body composition parameters between fast transporters and other categories of small-solute transport. Only two studies have assessed the correlations between peritoneal transport and insulin resistance measured by HOMA-IR (31,32), concluding that D/P creatinine was not significantly associated Also relevant was to document that patients categorized as insulin resistant presented significantly higher adipokinebased insulin resistance indices, lower IGFBP-1, and significantly higher values of body composition parameters related with fat mass, in spite of similar BMI scores.
Leptin and adiponectin play important and opposite roles in the regulation of cardiovascular and metabolic homeostasis. We recently reported that LAR can be used as a new atherogenic index, as it is associated with cardiovascular events in PD patients without protein wasting (6) . According to our present investigation this association between LAR and cardiovascular events might be explained through development of insulin resistance. In fact, given the direct actions of adiponectin on insulin sensitivity both in skeletal muscle and liver (33, 34) , a higher LAR can been seen not only as a biomarker of insulin resistance, but also as a predictor of insulin resistance. Our study also highlights the fact that obesity is associated with insulin resistance in PD patients, independently of peritoneal glucose absorption and fast transport status.
Our study is limited by its cross-sectional design and sample size, and for that reason we aim for a longitudinal extension of this investigation. Validation of insulin resistance indices against the euglycemic hyperinsulinemic clamp in the PD field would be valuable, since it is regarded as the reference method for insulin sensitivity assessment. However, this method is expensive and not suitable for use in clinical practice. HOMA-IR, however, is easy to perform and validated as a valuable alternative of insulin sensitivity both in non-CKD patients (11, 35) , in CKD patients stages III and IV (36, 37) , and in HD patients (10) .
There are also strengths to this study. The few studies that have calculated HOMA-IR in PD patients lack any standardization of PD prescription concerning the last dwell period, before collecting blood to analyze insulin and glucose (9, 25) . We standardized these procedures not only in a fasting state, but also after the overnight dwell with 1.36% glucose solution, before the PET. Such a protocol minimizes any potential effect of peritoneal glucose absorption, while allowing for dialysis maintenance, as a previous study by Heaton et al. showed that there are no differences in fasting plasma glucose and insulin between undialyzed PD patients (with no PD solution in the abdomen) and patients on 1.36% glucose solution, after the first 60 minutes of a 1.36% glucose dwell (38) . Assuming this, other investigators focused on metabolic issues, performing measurements after the 1.36% glucose solution overnight dwell (39, 40) .
Insulin assay can vary considerably, especially if antibodies that crossreact with insulin or split-proinsulin products are used (41): we used an insulin-specific assay, thereby minimizing the interference exerted on the HOMA-IR score. The systemic impact of peritoneal glucose absorption is scarcely addressed, and the few studies about insulin resistance in PD do not take into account the impact of protein-energy wasting and obesity in its development. In the present investigation, we have not only measured peritoneal glucose absorption, but also assessed body composition by bioimpedance method. This may suffer from methodologic errors, but is validated as a clinical tool to evaluate body composition in ESRD patients (19, 20, 42, 43) .
To summarize, our results evidence that obesity and adipocytokines profile are associated with insulin resistance in PD, independently of glucose absorption and small-solute transport status. Patients with insulin resistance, namely with higher LAR, are more prone to suffer from cardiovascular events (6) . In order to possibly break such a chain of events, efforts should be put into obesity prevention, as well as correct diagnosis and treatment. One of the most feared systemic consequences of glucose absorption in PD is obesity and/or development of insulin resistance. However, fast transport status under contemporary PD regimens was not associated with obesity or insulin resistance. Current PD treatments minimize glucose exposition, and the lack of correlations between peritoneal glucose absorption and insulin resistance indices and body composition parameters puts forward evidence that other factors may contribute to a metabolic syndrome development in PD patients, perhaps in a more powerful way. Beyond genetics, future efforts should be made towards determining resting energy expenditure (44) and the role of energy intake and physical exercise.
